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1 Introduction
While we have strong evidence for the existence of dark matter (DM), the search for its
particle interactions continues on many fronts. At the forefront of these searches are indi-
rect detection experiments constraining the annihilation of DM, direct detection and solar
neutrino experiments constraining the scattering rate, and collider experiments searching
for the production of DM. Together these experiments have placed strong constraints on
a wide range of DM models, yet a conclusive positive signal remains elusive.
The strength of these constraints is leading to challenges for certain classes of models
with relatively strong dark interactions. It can be dicult to nd regions of parameter space
that lead to the correct relic density while avoiding existing constraints, see for example
refs. [1, 2] covering a wide range of constraints in the context of simplied models. In
particular, constraints on the spin-independent scattering cross-section from experiments
such as LUX [3], PandaX [4] and XENON100 [5] are particularly strong and rule out the
nave relic density couplings in many models. This can be avoided if the crossing symmetry
between the various interactions is broken, reducing the scattering rate while leaving the
annihilation rate suciently large to avoid overclosing the Universe.
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One way to accomplish this is with a model known as pseudo-Dirac DM, described in
the EFT limit in ref. [6]. This model introduces a pair of dark Majorana fermions with
a large Dirac mass, split by a small Majorana mass term, the lighter of which is stable
and then represents the DM candidate (for similar situations, also realized in supersym-
metric frameworks, see refs. [7{11]). The scattering rate is suppressed by spin, avoiding
strong constraints on the spin-independent scattering cross-section [3{5]. While the direct
annihilation rate is also velocity suppressed, the coannihilation rate is unsuppressed. This
leads to a suciently large eective annihilation rate necessary to produce the correct relic
abundance at the time of thermal freezeout. An eective eld theory analysis requires that
the energy scale of the model be much larger than the typical interaction scale, so that the
mediator can be integrated out. At LHC energies, this requires heavy mediators, which
often require very large coupling strengths in order to give an observable LHC signature.
For this reason, it is often useful to move to simplied models. For some recent reviews,
see [12{14].
In the present work, we extend the model introduced in ref. [6] by introducing a Z 0
gauge boson which couples the dark sector to the Standard Model which, if integrated out,
gives rise to the eective operators considered there.
The interaction strength necessary to produce the relic density can lead to observable
production rates at current or future runs of the LHC. Further, and crucially, the heavier
of the dark particles can be produced with an energy and decay length which can lead to
observable displaced vertex signals at the LHC. Displaced vertices and disappearing tracks
are a striking signal with no standard model (SM) background, and hence a smoking gun
signature of new physics [15{46].
The remainder of the paper is organized as follows. In section 2 we will describe the
pseudo-Dirac DM model and some of its phenomenology. In section 3 we will describe
existing constraints on the model and our choice of parameters, which we use to esti-
mate prospective LHC constraints and discovery possibilities in section 4. We conclude in
section 5.
2 Model
The starting point is to consider a generic new four-component Dirac fermion 	 that is a
singlet under the SM gauge group. We consider the most general Lagrangian for 	 with
both Dirac (MD) and Majorana (mL;R) masses [6]:
L0 = 	(i=@  MD)	  mL
2
 
	cPL	 + h.c.
  mR
2
 
	cPR	 + h.c.

; (2.1)
where PL;R = (1 5)=2. We focus on the \pseudo-Dirac" limit of the mass matrix, where
MD  mL;mR.
As an explicit example of the dark sector, we consider it to be completed by a vector
mediator Z 0 of mass MZ0 . The mediator Z 0 couples 	 to the Standard Model through
renormalizable interactions described by the Lagrangian:
Lint = 	(cLPL + cRPR)	Z 0 +
X
f
f(c
(f)
L PL + c
(f)
R PR)f Z
0
 ; (2.2)
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where f is a SM fermion and cR;L; c
(f)
R;L are generic operator coecients which we assume
to be real. We do not commit ourselves to any specic ultraviolet-complete realization
of this model of the dark sector, but simply consider it as a simplied phenomenological
model. Examples of viable ultraviolet completions of this model are the pseudo-Dirac Bino
in extended supersymmetry (see discussion in ref. [6]), or by considering Z 0 as a gauge
boson of a dark non-abelian gauge group. No dark U(1) completion is possible because the
Majorana masses would explicitly break it.
As an explicit example, we could consider the case in which 	 is embedded within a
fermion  which is a doublet under a (spontaneously broken) SU(2)0 hidden gauge sym-
metry. The Dirac-type mass term for 	 could then be generated through a Higgs-like
mechanism from the vev v0 of a heavy scalar eld 0.
The Majorana-type mass terms, on the other hand, could derive from a Weinberg
operator of the form 1
 (i2
0) (i20)yc, after 0 gets a vev. The hierarchy be-
tween Dirac and Majorana masses appears to be quite natural, since MD / v0 and
mL;R / v02=  MD v0=, with  being an eective scale of some underlying high-energy
physics. In the end, the Z 0 can be viewed as one of the gauge bosons associated with this
SU(2)0 symmetry.
Such a UV completion turns out to be anomaly-free. Possible anomalies could arise
because of the coupling of Z 0 to SM leptons: in particular, triangle diagrams including
U(1)-SU(2)-SU(2)0 and U(1)-SU(2)0-SU(2)0 currents have to be taken into account. The
anomalies arising from these diagrams are equal to each other and are proportional to the
sum of the hypercharges of the SM fermions. Therefore, provided that we allow coupling
of Z 0 to all the SM fermions, both anomalies cancel. In our analysis, as already mentioned,
we focus on the case f = q: this means that the couplings to leptons, although eectively
present, are vanishingsly small.
The two mass eigenstates, denoted by 1;2, with masses m1;2 = MD  (mL + mR)=2,
will be linear combinations of 	, 	c. It is then possible to construct the Majorana elds
(with canonical kinetic term) 1;2 out of these mass eigenstates: 1  (1 + c1)=2 and
2  (2 + c2)=2. At the zeroth order in jmL   mRj=MD, the Majorana eigenstates are
given by:
1 =
ip
2
(	 	c) (2.3a)
2 =
1p
2
(	 + 	c) : (2.3b)
The spectrum of this model consists of the lightest state 1 with mass m1, identied with
a Majorana DM particle, and a slightly heavier companion state 2, with mass m2. The
model described by the free Lagrangian L0 is simply dened by the two mass parameters
m1 and m  m2 m1 (or, equivalently, m1 and m2). In the pseudo-Dirac limit, the mass
splitting satises the condition m m1;m2.
The free Lagrangian in eq. (2.1) then becomes:
L0 = 1
2
1(i=@  m1)1 + 1
2
2(i=@  m2)2 : (2.4)
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We can then rewrite the interaction Lagrangian in eq. (2.2) in terms of 1;2 as:
Lint = L(12)int + L(11)int + L(22)int + L(
ff)
int ; (2.5)
where:
L( ff)int =
X
f
f
"
c
(f)
L + c
(f)
R
2
  c
(f)
L   c(f)R
2
5
#
f Z 0 (2.6a)
L(12)int = i
cR + cL
2
1
2 Z
0
 (2.6b)
L(ii)int =
cR   cL
4
i
5i Z
0
 ; i = 1; 2 : (2.6c)
Notice that, remarkably, due to the Majorana nature of the i elds, the interaction
between 1 and 2 occurs via a pure vector coupling, whereas that between two i's is
a pure axial-vector one. These two coupling structures have contrasting phenomenology
for scattering and annihilation [1, 12, 13, 47]. This contrast is one of the core features of
the model. Local 1 particles scattering with nucleons in the Earth do not have enough
energy to upscatter into 2, and so scattering proceeds only through 1N ! 1N . The
axial-vector coupling structure means that this interaction is suppressed by a combination
of non-relativistic DM-nucleon scattering operators [13],
ONR4 = ~s  ~sN (2.7)
ONR8 = ~s  ~v? (2.8)
ONR9 = i~s  (~sN  ~q); (2.9)
where ~s;N is the spin of the DM and nucleon respectively, ~q is the transferred momentum,
and ~v?  ~v ~q=2N with ~v the relative velocity and N the reduced mass of the DM-nucleon
system. Each of these are strongly suppressed relative to the spin-independent scattering
rate [48{51], such that the model evades strong constraints from direct detection [3{5].
The axial-vector interaction usually leads to a suppressed annihilation rate, such that
very large couplings would be required to produce the correct relic abundance. The presence
of an unsuppressed vector coannihilation term alleviates this problem, as discussed in
section 2.2.
2.1 Decay length
The expressions for the interaction Lagrangian in eqs. (2.6a) and (2.6b) are responsible
for the decay 2 ! 1f f ; the decay width for this process at leading order in the small
parameters m=m1 and mf=m1 is given by
 2!1 ff '
X
f
N
(f)
c
4803
(cL + cR)
2

c
(f)
L
2
+ c
(f)
R
2

m5
M4Z0
; (2.10)
where N
(f)
c is then number of colours of the fermion f . A more general expression is
reported in eq. (A.1). In the present work, we focus our attention on quarks, but the
formula above can be applied to a generic Standard Model fermion.
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The previous equation (2.10) also allows the determination of the decay length of 2;
in particular, if it decays at rest, the mean decay length is simply L0 = 1= 2!1 ff . The
decay length at rest corresponding to eq. (2.10) is
L0 ' 2:94 m
"X
f
N (f)c (cL + cR)
2

c
(f)
L
2
+ c
(f)
R
2
# 1
MZ0
1 TeV
41 GeV
m
5
: (2.11)
The corrections proportional to m=m1 and mf=m1 can be of the order of 30%, but
eq. (2.11) correctly reproduces the order of magnitude of such a decay length. In particular,
it shows that for a mass splitting of O(GeV), and mediator mass of O(TeV), the decay
length can be of the order of the radius of the ATLAS and CMS detectors, allowing the
observation of a displaced vertex signal. Since in the following we will mainly be interested
in studying this decay in a collider, the formula above must be corrected to include the boost
factor for 2; this translates into a mean decay length in the laboratory frame given by:
Llab0 = L0 ; (2.12)
where   p2=m2 is the boost factor for 2. The decay length Llab of a particle in the
detector with a given momentum then follows the probability distribution
P (Llab) =
1
Llab0
e L
lab=Llab0 : (2.13)
We can dene a decay length in the transverse direction of the detector as LlabT;0  L0 pT2 =m2
where pT2 is the 2 momentum in the transverse direction. Following ref. [52], the nal prob-
ability of the transverse decay length being greater than some length L, after integration
over the probability distributions of the kinematic variables, can be closely approximated
by simulating and averaging over a large number of events N ,
P (LlabT > L) =
1
N
NX
i=1
exp
 
  L
LlabT;0(p
T
2 = p
T
2;i)
!
: (2.14)
2.2 Relic abundance
The model we are considering is characterized by a mass splitting which in general satises
the condition m m1;2; this means that the two states are quasi-degenerate, and coan-
nihilations are therefore important in the determination of the correct relic abundance. As
we will see, coannihilations are especially relevant in this model given that ii annihi-
lations are generally suppressed relative to coannihilations, with some dependence on the
choice of couplings. In particular, the eective cross-section is given by [53]:
hvie =
1
(1 + )2
 hvi11 + 2hvi12 + 2hvi22 ; (2.15)
where we have dened   (1 + m=m1)3=2e xm=m1 , x  m1=T and hviij 
hviij!f f .
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For the interactions in eqs. (2.6a){(2.6c), the eective thermal cross-section is, with
the same approximations made to obtain eq. (2.10):
hvie '
X
f
N
(f)
c
16
(cL + cR)
2

c
(f)
L
2
+ c
(f)
R
2

m21
M4Z0
: (2.16)
A numerical estimate gives:
hvie
hviWIMP ' 0:08
X
f
N (f)c (cL + cR)
2

c
(f)
L
2
+ c
(f)
R
2

m1
100 GeV
21 TeV
MZ0
4
; (2.17)
where hviWIMP  3 10 26 cm3 s 1 is the typical WIMP annihilation cross-section.
Even in this case, this is just an estimate: more complete expressions, including cor-
rections proportional to quark masses, are reported in eqs. (A.2a) and (A.2b).
It is important to notice that the ii self-annihilations are velocity suppressed,
whereas the coannihilation 12 is not (cf. eqs. (A.2a) and (A.2b)). Nonetheless, due
to the dierent dependence on couplings, both terms should be kept in the determination
of the eective thermal cross-section.
The relic abundance is then related to the eective cross-section as

h2 =
8:7 10 11 GeV 2
p
g
Z 1
xF
dx
hvie
x2
; (2.18)
where g is the number of relativistic degrees of freedom at the freeze-out temperature TF ,
determined by the implicit equation:
xF = 25 + log
"
dFp
gxF
m1hvie 6:4 106 GeV
#
; (2.19)
with dF being the number of degrees of freedom of the i's, dF = 2 in the present model.
In the following, we take g = 96.
2.3 Link between decay length and relic abundance
It is remarkable to notice that the approximate expression in eq. (2.10) and the s-wave
contribution in eq. (2.17) contain the same combination of couplings. This is a consequence
of the fact that the same matrix element controls the decay of 2 ! 1 ff and the co-
annihilation 12 ! ff .
In the limit of massless SM fermions mf = 0, the self-annihilations are velocity-
suppressed and therefore the relic abundance is dominated by the co-annihilations. This
way, a very intriguing link can be traced between a cosmological property (relic density)
and a collider observable (decay length), as already noticed in ref. [6].
The combination of couplings entering the decay length can then be traded for the
(known) relic abundance, thus establishing a very direct correlation between the decay
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length L0, the DM mass m1 and the mass splitting m. By combining eqs. (2.11), (2.17)
and (2.18), we can write the relic abundance as a function of L0 as:

h2
0:1194
' 1:26 xFp
g
1
1 +
1
2xF

1  k
1 + k
2 L01 m

100 GeV
m1
2 m
1 GeV
5
; (2.20)
with k  cR=cL.
From the equation above, we can estimate the value for L0 for given (m1;m; k) by
imposing the measured value for 
h2. In addition, we see that for given L0, eq. (2.20) does
not depend on MZ0 , and since xF  O(20), then if k & 0, it depends only very mildly on k.
If one is able to infer L0 (from the displaced vertex) and m (from the edge of di-jet
or di-lepton distribution) by collider measurements, then it would be possible to make a
prediction for the DM mass m1.
3 Constraints and choice of parameters
The model has a parameter space spanned by seven parameters:
fm1;m2;MZ0 ; cL; cR; c(f)L ; c(f)R g: (3.1)
In order to avoid a full scan over the entire seven-dimensional parameter space, we can
motivate benchmark points and apply a number of constraints before performing the main
analysis. We will leave fm1;m2g free, which we will usually parameterise as fm1;mg.
Our signals of interest are not sensitive to the chirality of the quarks, and so without loss
of generality, we can set c
(f)
R =  c(f)L . This leads to a pure axial-vector coupling between
the Z 0 and SM quarks. We have checked that perturbative unitarity is not violated for the
values of masses and couplings considered in our analysis [47].
In this situation, the non-relativistic DM-nucleon scattering operator is given by
eq. (2.7), which leads to a pure `spin-dependent' scattering cross-section, such that con-
straints from direct detection constraints on SD can be applied directly using [54]:
SD ' 2:4 10 42 cm2  (cR   cL)2

c
(f)
L
21 TeV
MZ0
4 n
1 GeV
2
; (3.2)
in the case where c
(f)
L =  c(f)R , and n is the DM-nucleon reduced mass. We nd that
current direct detection limits such as from LUX [55] are substantially weaker than other
constraints, and play no further role in the determination of the couplings below.
The relative contributions of the axial-vector ii and vector 12 coupling is con-
trolled by the ratio k = cR=cL. The axial-vector term is proportional to jcR cLj, and so in
the limit k ! 1, the ii term disappears. Conversely, the limit k !  1, the vector term
disappears and the decay length increases as seen in eq. (2.11). The interplay between these
two contributions is important for the potential observability of displaced vertices, and so
we choose two benchmarks for k showing dierent regions of phenomenology, specically
k =  0:8 and k = 0.
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Note that a degeneracy arises because in all relevant observables, cL;R appear together
as either jcL + cRj2 or jcL   cRj2. Therefore the (cL,cR) plane is divided into 4 equivalent
wedges separated by the lines dening k =  1, k = 1. Any point in one of the 4 wedges can
be mapped onto a point in any of the other 4 wedges with no change in the phenomenology.
The consequence of this is a degeneracy such that choosing k = cR=cL =  0:8 (0) is equiv-
alent to choosing cL=cR =  0:8 (0). Similarly the transformation (cR; cL) ! ( cR; cL)
has no eect.
In the following subsection, we will discuss dijet constraints which strongly restrict
the Z 0 couplings to quarks c(f)L ; c
(f)
R . Next we will require that the model reproduces the
correct relic density, breaking the degeneracy by restricting us to a contour of cL and cR,
and leaving us with a full set of benchmark parameter choices. Finally we will impose the
requirement that the width of the Z 0 remains modest, which restricts the parameters to
remain within a contour of cL and cR.
3.1 Dijets
Dijet searches put upper bounds on the couplings between the Standard Model and the
dark mediator.
In the following, we take the results of ref. [56]: in particular, in their gure 4, limits
on the coupling between Z 0 and SM quarks in an axial-vector simplied model are shown.
These constraints derive from a limit on the mediator production rate scaled by the branch-
ing ratio into quarks, and is hence sensitive to the ratio between the DM coupling and the
quark coupling. Ref. [56] assumes a negligible coupling to DM, which provides the strongest
possible limits. Including a xed coupling to DM would decrease the branching fraction
to quarks and hence weaken the constraints. We choose not to apply this rescaling, which
would allow larger values of c
(f)
L ; c
(f)
R , in order to be conservative and to be consistent with
possible future constraints.
The constrained parameter gq of ref. [56] is equivalent to our parameter c
(f)
L given that
we are considering the case c
(f)
L =  c(f)R . We consider three benchmark values for MZ0 ; for
each, we select a benchmark value for c
(f)
L , chosen to be large while still compatible with
the bounds of ref. [56]. These choices are shown in table 1. We choose these couplings to
be universal, i.e. to be the same for all quarks and to be independent of the value of m1
and m.
3.2 Relic density
For given values of m1, m and MZ0 , we can determine the contour in the (cL; cR) plane
which corresponds to the observed DM relic abundance using eq. (2.18).
For the observed value, we take 
h2 = 0:1194 [57]. This contour is shown as a black
(with orange contour) line in gure 1 for dierent values of m1.
The benchmark choices made earlier for k = cR=cL identify a straight line in this plane,
shown as a blue line in gure 1, which intercepts the relic abundance contour at two points.
Recall from the start of this section that the phenomenology of the model is equivalent
under the transformation (cR !  cR; cL !  cL) (and also under the transformation
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c R
k= −
0. 8
Ωh 2
=
0. 1194
ΓZ ′/MZ ′≤ 0. 2
4 2 0 2 4
cL
4
2
0
2
4
c R
k= −
0. 8
Ωh 2
=
0. 1194
ΓZ ′/MZ ′≤ 0. 2
4 2 0 2 4
cL
4
2
0
2
4
c R
k= −
0. 8
Ωh 2
=
0. 1194
ΓZ ′/MZ ′≤ 0. 2
Figure 1. Interplay between the region  Z0=MZ0  0:2 (green region) and observed dark matter
abundance [57] 
h2 = 0:1194 (black line with orange contours), for MZ0 = 1:5 TeV, m = 5 GeV,
k =  0:8 (blue line) and c(f)L = 0:07, for dierent values of m1: m1 = 525 GeV (left-top panel),
m1 = 610 GeV (right-top panel), m1 = 700 GeV (bottom panel). The orange contours correspond
to 3 deviations from the best value.
k ! 1=k). For each value of m1, m and MZ0 , and with c(f)L , c(f)R chosen as described in
the previous subsection, the intercept denes the value of cL and cR, where we make the
arbitrary choice cR  0, cL < 0.
3.3 Z0 width
A nal restriction on cL and cR comes from a kinematic argument, by imposing the con-
dition  Z0  MZ0 in order for our treatment of Z 0 as a physical particle appearing in the
s-channel to be consistent.
In appendix A, we provide explicit expressions for the partial widths of the Z 0 boson.
The ratio of the width approximately goes like  Z0=MZ0 / (c2L + c2R), and requiring that
this ratio remains below some maximum value denes an oval allowed region in the cL; cR
plane for a given choice of m1;m (now that cL is xed by dijet constraints). We set this
ratio as  Z0=MZ0 < 0:2, above which the Breit-Wigner approximation to the width begins
to break down [58, 59]. This allowed region is shown in green in gure 1.
For a given choice of MZ0 , m and c
(f)
L , this restricts us to a xed range of values of
m1; as can be seen in gure 1, below a minimum value for m1, the intercept between the
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MZ0 = 1:5 TeV MZ0 = 2:5 TeV MZ0 = 3:5 TeV
c
(f)
L 0:07 0:13 0:25
m1;min (GeV) 525 850 1100
m1;max (GeV) 700 1200 1600
Table 1. Allowed range of m1 and choice for c
(f)
L , for dierent values of MZ0 and k =  0:8
(equivalent to k 1 =  0:8).
MZ0 = 1:5 TeV MZ0 = 2:5 TeV MZ0 = 3:5 TeV
c
(f)
L 0:07 0:13 0:25
m1;min (GeV) 375 550 650
m1;max (GeV) 700 1200 1600
Table 2. Allowed range of m1 and choice for c
(f)
L , for dierent values of MZ0 and k = 0 (equivalent
to k 1 = 0).
relic density contour and k benchmark is outside the green region. The mass ranges we
consider are shown in tables 1 and 2, for dierent values of k. We choose the same range
for m for all values of MZ0 , i.e. 1:5 GeV  m  8:0 GeV.
In this way, we have uniquely determined the values of all the couplings, allowing us to
nd a set which is compatible with both the Z 0 width and current cosmological observations.
4 Analysis and results
So far we have discussed the region of parameter space to be used for the LHC analyses, by
imposing a series of constraints. In this section we describe the complementarity between
monojet searches and displaced vertex signatures. Searches for pseudo-Dirac DM can
be initiated by triggering on events with a single high-pT jet, with displaced signatures
becoming apparent during the oine reconstruction.
We start the section by describing the current 13 TeV monojet analysis, obtaining the
current exclusions and estimating the future reach, before moving on to the displaced vertex
signatures. These two types of searches are complementary, sensitive to dierent SM back-
grounds and with potentially dierent scalings at high-luminosity. For the pseudo-Dirac
DM model, monojet could provide the rst hint of new physics, while the displaced vertex
analysis could be used to characterize such an excess as originating from a DM scenario.
4.1 Monojet analysis
Searches for new physics in events with an energetic jet and a large amount of transverse
energy have been performed by ATLAS and CMS. In this section we use the results from
the 13 TeV data by ATLAS [60] with 3.2 fb 1 to exclude part of the parameter space of
the model as well as to obtain projections for higher-luminosity runs.
The production of the stable 1 particle can be explored using monojet events where
the jet is radiated from the initial state. Moreover, in the region relevant for dark matter,
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the associated production of 1 with 2 and subsequent decay of 2 into jets would also
lead to monojet signatures. This is a situation complementary to the one which will be
described in the next section, where the decay of 2 into jets with a displaced signature
will be exploited. As discussed there, there is a region of the parameter space where the 2
decay appears as prompt. To capture these two topologies, we propose a projected analysis
of monojet events at LHC13 with high-luminosity, along the lines discussed in ref. [61].
We have simulated the processes
pp ! 1;2 1;2 j; with 2 ! 1 jj (4.1)
in the range of masses and couplings dened in table 1 and 2. We have then applied the
selection cuts described in the ATLAS search described in [60] to determine the current
constraints on the parameter space. The experimental search is separated in seven signal
regions IM1-IM7, with cuts on missing energy ranging from 250 GeV to 700 GeV. To obtain
current exclusions we used the bound on the value of the cross-section at 95% CL provided,
hi95obs, which ranged from 553 fb to 19 fb in the IM1 and IM7 regions.
The constraints do depend on the choices of the parameter k, and for k =  0:8, only
the point of m1= 525 GeV for MZ0 =1.5 TeV is ruled out, whereas for k = 0 a larger region
of the parameter space is excluded by this dataset. Indeed, in this case for MZ0=(1.5, 2.5,
3.5) TeV, the region below (550, 800, 850) GeV does not survive the monojet constraints. It
may appear counterintuitive that for heavier MZ0 the monojet excludes larger values of the
DM mass; however, the selection procedure described in section 3 calls for larger couplings
as MZ0 increases. The net eect is that the signal strength remains approximately constant.
The next step is to obtain projections for higher luminosities. To produce the projec-
tions, we have to estimate the uncertainties on the SM backgrounds at a given luminosity.
Those backgrounds are mainly Zj ! j and Wj ! llj. In ref. [61] a simulation of the
main backgrounds was performed and used to project exclusions, but a more accurate es-
timate can be obtained by examining the details in the ATLAS analysis. There systematic
uncertainties were given, ranging from 2% in IM1 to 4% in IM7, as well as the number of
expected events at 3.2 fb 1 (which can be scaled up to other luminosities).
To give an example, one could use these numbers to estimate the SM background
events at 100 fb 1 as 5220  210 in the region IM7, where we have assumed systematic
uncertainties dominate and remain of the same order as in the current analysis. One
could then assume the number of observed events to be compatible with the background
expectation, and use this to set a 95% CL limit on the new physics cross-section hi95 ' 4 fb.
It is possible that at high-luminosity a better control on systematics is achieved or, on
the contrary, the high-luminosity environment could lead to a degradation of the under-
standing of the SM backgrounds. For illustration purposes, we adopt a benchmark choice
of hi95= 5 fb, which corresponds to a total uncertainty on the SM backgrounds of 10%.
The results are shown in gure 4 for the cases k = 0 and k =  0:8, together with the dis-
placed vertices contraints discussed in the next subsection. The exclusion limit is roughly
independent of m as the monojet cuts select mostly events with a jet coming from initial
state radiation.
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Figure 2. Illustrative Feynman diagram for the displaced vertex process of interest, including the
decay of 2. Initial state can also be quark-gluon with an ISR quark jet.
4.2 Displaced vertices
Displaced vertices are a strong signal of beyond-Standard-Model physics, with a low ex-
pected background arising solely from vertex misidentication. The pDDM model predicts
a displaced vertex signal at the LHC from 2 decay within the detector volume into a 1jj
nal state. The strongest signals are expected from the process pp ! 22j ! 115j,
shown in gure 2: the production of two 2 particles can lead to two displaced vertices,
which has an extremely small expected background, and the emission of initial state ra-
diation (ISR) pushes the 2 particles out of a back-to-back conguration, increasing the
missing energy signal and allowing us to trigger on events with a high-pT jet plus missing
energy. Since we are interested in the region of parameter space with m < 10 GeV, the
jets from decay of 2 associated with the displaced vertices have pT  O(1 GeV) and are
therefore too soft to trigger on, but can be used for the oine analysis and identication
of the displaced vertices [31]. We simulate at the parton level using the method outlined
in appendix B.
Using the method described in section 2.1, we can compute the probability that 2,
produced in a pp collision, decays with a decay length within the range of the ATLAS
inner detector or muon solenoid. We consider the inner detector with radius r dened by
0:05 m < r < 0:3 m and the muon solenoid between 3:8 m < r < 7:2 m, based on the range
of displaced vertex identication eciency from ref. [62]. Since the couplings are uniquely
xed as described in section 3, such a decay length is a function of fm1;m;MZ0g only.
In gure 3, we show the result for MZ0 = 1:5 TeV.
We apply the constraints on this process from ref. [62] by the ATLAS collaboration,
which places limits on the number of events with two displaced vertices at center of mass
energy 8 TeV using a range of selection criteria. Given that our process has large jet pT and
large missing energy, the best limits on our process come from the jets + missing energy
trigger, which allows for topologies with displaced vertices in both the muon solenoid and
inner detector. The background found by the ATLAS collaboration turns out to be < 10 4
at
p
s = 8 TeV with 20:3 fb 1 of data, with cuts of leading jet pT > 120 GeV, MET >
200 GeV. In order to ensure that the expected background remains approximately zero at
13 TeV, we scale these cuts on our signal process to pT > 200 GeV and MET > 300 GeV.
The strong jet pT and missing energy cuts mean that pseudorapidity  is small and no
events are found in the barrel endcap.
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Figure 3. Probability that 2 decays in either the ATLAS inner detector (left panel) or muon
solenoid (right panel), for MZ0 = 1:5 TeV and k =  0:8.
The jets + MET trigger requires at least 7 tracks per vertex. Whilst a full detector sim-
ulation and evaluation of the ecieny is beyond the scope of this paper, we have performed
a Delphes-level [63] analysis of the process for several benchmark points in parameter space
and found that approximately 25% to 50% of vertices passed this track requirement. With
this in mind, the 20% vertex identication eciency we use can be considered an optimistic
scenario for near-future displaced-vertex experimental analyses, and further emphasises the
need for an increased focus on this signal by ATLAS and CMS.
In gure 4 we apply the cuts on leading jet pT and missing energy to estimate the
expected number of events for integrated luminosity L = 1000 fb 1 and vertex identica-
tion eciency of 20%, given approximately zero expected background. In the same gure
we show the potential regions of parameter space that could be ruled out at 95% C.L.
(corresponding to number of events larger than 3, with zero background) for a range of
values of L, representing a span from conservative to optimistic reach. The sensitivity of
future monojet searches is shown in the gure as a dashed black line corresponding to a
benchmark choice of 10% total uncertainty in the SM backgrounds, which would corre-
spond to limits on the model's cross-section of 5 fb. For k = 0, the region already excluded
by existing monojet searches is shaded in grey and bounded by a solid black line.
As expected, the choice of k has a strong eect on the strength of the displaced vertex
signal. As k !  1, the decay length increases, leading to a larger number of decays within
the detector volume, until at k =  1 the 12Z 0 coupling disappears and 2 is stable. At
the same time, as k !  1 the vector 11Z 0 coupling increases, maximising the production
cross-section and increasing the signal. Therefore the strongest constraints come when k
is close to -1 but not so close that the average decay length falls outside the detector.
It is interesting to see that while the signal strength is strongest for smaller values of
the mediator mass MZ0 , larger values of MZ0 allow us to also probe larger values of the
DM mass m1.
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Figure 4. Expected number of events and associated expected exclusion regions based on displaced
vertex analysis at center of mass energy 13 TeV. The colourbar shows the expected number of events
passing the displaced vertex selection criteria (see text for details) assuming L = 1000 fb 1. White
fdotted, dashed, solidg lines are prospective 95% exclusion regions at L = f1000; 300; 100g fb 1
respectively, corresponding to more than 3 events. Rows are for MZ0 = 1:5 TeV (top), 2:5 TeV
(center) and 3:5 TeV (bottom). Columns are for k =  0:8 (left) and k = 0 (right). Also shown are
current and prospective monojet bounds (see section 4.1 for details).
5 Conclusions and outlook
In this paper, we have assessed the detectability of various signatures of pseudo-Dirac dark
matter. The model is compelling as it naturally provides the correct relic density while
evading direct detection constraints, at a scale which could provide striking LHC signatures.
By imposing current constraints from dijet-resonance searches for a massive Z 0, and the
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relic density condition, we obtained a region of natural but as-yet-unexplored parameter
space. We studied the sensitivity of monojet and displaced vertex searches to this parameter
space, nding that monojet searches are already beginning to constrain it. With greater
luminosity, we expect signals or exclusions across a large mass range.
Whilst this is attractive, the jets + missing energy signature associated with so-called
`monojet' searches is a generic signal expected across a broad range of models of the dark
sector. Displaced vertices are a natural companion channel, providing a smoking gun for a
specic class of models. Based on our study, across the Z 0 mass-range we consider, most
of the thermal relic region of the pseudo-Dirac dark matter parameter space will rst lead
to a signal in the monojet channel, before eventually yielding a displaced vertex signal.
In the event of hints of a signal in the monojet channel, displaced vertices oer an
attractive complementary search channel to characterize the features of the underlying
new physics.
The model we explore could be extended to include coupling of the dark sector to
leptons, which would add additional channels and constraints both from dilepton resonance
searches and from displaced lepton pairs.
We stress the importance of broadening the program of DM searches at the LHC by
including relatively less explored signatures such as displaced vertices, as has also been
recently emphasized in ref. [45]. The case of pseudo-Dirac DM analysed in this paper,
providing the desirable features within a minimal setup, can serve as a useful benchmark
model for this kind of searches.
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A Full expressions for decay widths and cross sections
In this appendix, we provide some formulas which are used in the analysis for the displaced
vertex and monojet searches.
In the limit mf ;m  m1, we can approximate the decay width for the process
2 ! 1f f as:
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The thermally averaged cross sections for the processes ii ! f f and 12 ! f f are,
respectively:
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where x1  x = m1=T and x2  x (1 + m=m1).
In addition, in section 3, we took into account the ratio  Z0=MZ0 for the determination
of the couplings between the dark sector and the SM.
Again from eqs. (2.6a){(2.6c), the partial widths for the dierent channels can be
computed analitycally; the result is:
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(A.3c)
where
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s
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Finally, we can compute the thermal averaged DM-fermion scattering cross-section in the
non-relativistic limit, giving:
hvi1f!1f =
X
f
N
(f)
c
16
(cL   cR)2(c(f)L   c(f)R )
2 21f
M4Z0
v ; (A.5)
with 1f =
m1mf
m1+mf
being the dark matter-fermion reduced mass.
As we can see, this scattering cross-section is both velocity and helicity suppressed, and
hence it is subdominant with respect to the (co)annihilations.
B Details of the analysis
The simulations for the displaced vertex and monojet analysis are made by means of
MG5 aMC@NLOv2.4.2; we limit ourselves to a parton level analysis.
For the displaced vertex searches, we consider the process pp ! 22j ! 11 + 5j
via the decay 2 ! 1jj, where j generically stands for jet. As described in section 4.2,
we consider this process due to the extremely low background, which occurs due to the
presence of large amounts of missing energy, large jet pT , and two displaced vertices. We
handle the decay of the 2 particle with the following steps:
1. we rst generate 20k pp! 22j events, with 13 TeV c.o.m. energy. Here j stands for
the default multiparticle state containing the rst two families quarks and the gluon;
2. we then generate 40k 2 ! 1jj events; since we consider 1:5 GeV  m  8:0 GeV,
the b and t quarks kinematically cannot be produced in this event;
3. we then merge these two sets of events, replacing the 2 in the 2! 3 process with its
decay products, which we boost from the 2 rest frame into the lab frame by scaling
the momenta and energy by ~ = ~p2=m2 and  = E2=m2 respectively. We then
obtain a system of 7 particles in the nal state which, for our purposes, is physically
equivalent to the one we would have obtained if we had run the full process at the
level of MadGraph. We have tested this procedure against direct decay of the 2
within the full 2 ! 7-body process, and with decay of the 2 particle by interfacing
the output 2 ! 3-body .lhe le with BRIDGE [64], nding the equivalent nal
kinematic distributions in all cases, with our procedure substantially faster than
direct 2! 7 production in MadGraph.1
The vertex and jet identication eciency is model-dependent and depends on the
details of the detector [62], which we approximate by applying a relatively conservative at
eciency of 20%.
Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
1In the case of direct 2 ! 7 production in MadGraph, the extremely small width of the 2 leads to an
error in the nal kinematic distributions. This is corrected by upscaling the width in the parameter card
by some factor, and rescaling the nal cross-section by the same factor [65].
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